Abstract. Currently no expression for the equilibrium depth ofthe turbulent stably-stratified boundary layer is available that accounts for the combined effects of rotation, surface buoyancy flux and static stability in the free flow. Various expressions proposed to date are reviewed in the light of what is meant by the stable boundary layer. Two major definitions are thoroughly discussed. The first emphasises turbulence and specifies the boundary layer as a continuously and vigorously turbulent layer adjacent to the surface. The second specifies the boundary layer in terms of the mean velocity profile, e.g. by the proximity of the actual velocity to the geostrophic velocity. It is shown that the expressions based on the second definition are relevant to the Ekman layer and portray the depth of the turbulence in the intermediate regimes, when the effects of static stability and rotation essentially interfere. Limiting asymptotic regimes dominated by either stratification or rotation are examined using the energy considerations. As a result, a simple equation for the depth of the equilibrium stable boundary layer is developed. It is valid throughout the range of stability conditions and remains in force in the limits of a perfectly neutral layer subjected to rotation and a rotation-free boundary layer dominated by surface buoyancy flux or stable density stratification at its outer edge. Dimensionless coefficients are estimated using data from observations and large-eddy simulations. Well-known and widely used formulae proposed earlier by Zilitinkevich and by Pollard, Rhines and Thompson are shown to be characteristic of the above interference regimes, when the effects of rotation and static stability (due to either surface buoyancy flux, or stratification at the outer edge of the boundary layer) are roughly equally important.
Introduction
Stably stratified boundary layers (SBLs) are often encountered over a land surface during the night and in the upper ocean during periods of heating. One more geophysical example of the SBL is the bottom boundary layer in the ocean. It is only slightly, if at all, affected by the heat flux through the bottom but strongly influenced by stable density stratification aloft (this type in the atmosphere is known as an inversion-capped neutral layer). Although a lot of studies have been devoted to the SBL, it is not well understood. There is still confusion in the definition of its external boundary and thus in the definition of its depth. In this paper we consider various definitions of the SBL depth and show that different definitions should be used to examine different regimes. Then we attempt to develop a simple formula for the equilibrium depth of the stably (and neutrally) stratified boundary layer. The formula should be valid in specific cases of a truly neutral layer subject to rotation and rotation-free boundary layers influenced by stable density stratification near its bottom or/and top. Strictly speaking, the SBL can hardly be in a perfectly steady state due to changes in large-scale flow. However, an inversion at the top of the atmospheric boundary layer, increasing in strength due to the cooling, would prevent strong energy and momentum exchange between the boundary layer and the rest of the troposphere. The SBL thus cannot grow unboundedly. Given enough time, it would evolve towards a quasi-equilibrium state. This is also true for the oceanic upper layer heated from above and affected by the underlying thermocline. Therefore, a diagnostic formula for the SBL depth is valid if synoptic variations are not too rapid (Derbyshire, 1990) .
When external forcings, such as the pressure gradient and the surface heat flux, change rapidly, no diagnostic expression is valid. Then the boundary-layer depth should be determined from a rate equation that describes the SBL growth and decay. In this case, however, consideration of the equilibrium steady state is also useful. Although it does not define the instantaneous SBL depth, the equilibrium depth enters the rate equation for the boundary layer and sets the limit of a relaxation process. Without knowledge of the equilibrium solution, the rate equation is difficult to formulate. Note that, should this equilibrium solution depend on the instantaneous values of changing external parameters, it would itself be an implicit function of time and would, therefore, account for the complete time history of a relaxation process (see, e.g., Nieuwstadt and Tennekes, 198 1).
Background
Clearly, modelling the equilibrium SBL depth requires a definition of what is meant by the boundary layer. Therefore, considering one or the other expression for the SBL depth, one must always keep in mind the definition this expression is based upon, or, if not clearly stated, implies. A number of definitions have been proposed. Among them, two should be highlighted, for they have very clear physical meaning and are fundamental for modelling the SBL depth.
(1) The first emphasises turbulence. The SBL is determined as a layer of continuous turbulence adjacent to the surface. Its external boundary is a level at which turbulence disappears or is a small portion of the surface value. Wyngaard (1983, 1988) adhered to this definition in his discussions of the atmospheric planetary boundary layer. It was used to estimate the SBL depth from measurements (e.g., Lenschow et al., 1988a) and from results of numerical modelling (e.g., Richards, 1982) . The energy considerations form the basis for several theoretical expressions for the equilibrium SBL depth. They have been proposed by Kitaigorodskii (1960) , Kraus and Turner (1967) , Deardorff (1972) , Resnyansky (1975) , Felzenbaum (1980) , and Kitaigorodskii and Joffre (1988) , to mention a few. Some of them, vitally important for the present analysis, are thoroughly discussed below.
